The superior colliculus (SC) contains an auditory space map that is shaped by projections from several subcortical auditory nuclei. Both GABAergic (inhibitory) and excitatory cells contribute to these inputs, but there are contradictory reports regarding the sources of these inputs. We used retrograde tracing techniques in guinea pigs to identify cells in the auditory brainstem that project to the SC. We combined retrograde tracing with immunohistochemistry for glutamic acid decarboxylase (GAD) to identify putative GABAergic cells that participate in this pathway. Following a tracer injection in the SC, the nucleus of the brachium of the inferior colliculus (NBIC) contained the most labeled cells, followed by the inferior colliculus (IC). Smaller populations were observed in the sagulum, paralemniscal area, periolivary nuclei and ventrolateral tegmental nucleus. Overall, only 10% of the retrogradely labeled cells were GAD immunopositive. The presumptive inhibitory cells were observed in the NBIC, IC, superior paraolivary nucleus, sagulum and paralemniscal area. We conclude that the guinea pig SC receives input from a diverse set of auditory brainstem nuclei, some of which provide GABAergic input. These diverse origins of input to the SC likely represent a variety of functions. Inputs from the NBIC and IC likely provide spatial information for guiding orienting behaviors. Inputs from subcollicular nuclei are less likely to provide spatial information; rather, they may provide a shorter route for auditory information to reach the SC, and could generate avoidance or escape responses to an external threat. 
Introduction
The mammalian superior colliculus (SC) integrates sensory information to produce meaningful motor responses (reviewed by Huerta and Harting 1984; Sparks 1988; Stein and Meredith 1993; Comoli et al. 2012; Costa et al. 2016; Savage et al. 2017) . While much research has focused on the reflex nature of orienting responses, views of SC function have broadened to include approach or avoidance behaviors and a role in attention (Dean et al. 1989; Mysore and Knudsen 2011; Comoli et al. 2012) . These responses can be triggered by several sensory modalities, including vision, hearing and touch. During development, interactions between inputs from different sensory systems help align the sensory receptive fields with the motor map established by outputs from the intermediate and deep layers of the SC (Doubell et al. 2000) . In adults, integration between the sensory systems is revealed by multimodal neurons that respond to multiple sensory modalities (Meredith and Stein 1986; Doubell et al. 2000; Populin and Yin 2002) . The circuits and mechanisms that underlie these multimodal responses and their transformation to meaningful motor outputs remain an area of intense study. The SC receives input directly from the retina and from several dozen subcortical nuclei, including nuclei associated with several sensory systems (Edwards et al. 1979; May 2006) . Auditory inputs originate from numerous brainstem auditory nuclei, but understanding how these inputs are integrated has been hampered by inconsistencies between studies (reviewed by Huerta and Harting 1984; Oliver and Huerta 1992) . There is general agreement that the lateral cortex of the inferior colliculus (IClc) is a major source of input to the SC (Binns et al. 1992 (Binns et al. , 1995 Jiang et al. 1997; King et al. 1998) . Beyond this, descriptions of auditory inputs to the SC have been contradictory on several points. Most strikingly, some studies have identified the nucleus of the brachium of the inferior colliculus (NBIC) as the largest source of inputs (van Buskirk 1983; Kudo et al. 1984; Schnupp and King 1997; King et al. 1998; Doubell et al. 2000; Skaliora et al. 2004; Nodal et al. 2005) , whereas other studies have not included this nucleus in their analyses. Descriptions of input from the dorsal nucleus of the lateral lemniscus (DLL) range from very little (ferret: King et al. 1998 ) to light (cat : Kudo 1981; rat:; Cadusseau and Roger 1985; Bajo et al. 1993 ; big brown bat: Zhang et al. 1987) to moderate (tree shrew: Casseday et al. 1976; rat:; Tanaka et al. 1985; mustached bat:; Covey et al. 1987) to the largest (rat: Druga and Syka 1984) . The rostral pole of the IC (ICrp) has been identified as a major source of input in cats (Harting and van Lieshout 2000) , but this IC subdivision is rarely distinguished in other species. Finally, there is wide variation in the reports of projections from other subcollicular areas, mostly in or around the superior olivary complex (Grofova et al. 1978; Edwards et al. 1979; Huerta and Harting 1984; Appell and Behan 1990) . It is difficult to determine how many of the apparent differences represent true differences between species versus differences due to tracer or analytical approach.
A second question arises with regard to the excitatory or inhibitory nature of the auditory projections to the SC. Both glutamatergic and GABAergic inputs have been implicated (Ingham et al. 1998; King et al. 1998) . King et al. (1998) hypothesized that GABAergic inputs could sharpen the spatial selectivity of SC cells or contribute to the suppression of surrounds that characterize some auditory receptive fields. Appell and Behan (1990) assessed GABAergic input to the SC in a broad survey (i.e., not limited to auditory nuclei). Among auditory regions, they identified the IC external cortex (which includes the IClc and, possibly, the ICrp), the DLL and the ventral nucleus of the lateral lemniscus as sources of GABAergic input to the SC. They did not analyze the NBIC or superior olivary nuclei, which project to the SC and which also contain GABAergic cells (Helfert et al. 1989; Kulesza and Berrebi 2000) . The limited data on inhibitory inputs combined with the variability regarding the overall sources of auditory input to the SC make it difficult to assess the GABAergic inputs to the SC within any functional context.
In the current study, we used sensitive fluorescent retrograde tracers to identify brainstem auditory nuclei that project to the SC in guinea pigs, a species widely used in auditory research. We combined our tracing results with immunochemistry to identify GABAergic cells that contribute to these projections. Our results suggest that (1) the NBIC provides the largest input to the SC from the auditory brainstem, (2) only ~ 10% of the auditory brainstem input to the SC is GABAergic; (3) the GABAergic inputs arise primarily from the NBIC, the IC, the sagulum, the paralemniscal area, and the superior paraolivary nucleus.
Materials and methods
All procedures were conducted in accordance with the Northeast Ohio Medical University Institutional Animal Care and Use Committee and NIH guidelines. Results are described from six adult pigmented guinea pigs (Elm Hill Labs; Chelmsford, MA, USA) of both genders weighing 314-801 g and ranging in age from 5 weeks to ~ 1 year. Efforts were made to minimize the number of animals and their suffering.
Surgery
Each animal was anesthetized with isoflurane (4-5% for induction, 1.75-3% for maintenance) in oxygen. The head was shaved and disinfected with Betadine (Purdue Products L.P., Stamford, CT, USA). Atropine sulfate (0.08 mg/ kg i.m.) was given to minimize respiratory secretions and Ketofen (ketoprofen, 3 mg/kg i.m.; Henry Schein, Melville, NY 11,747, USA) was given for post-operative pain management. Moisture Eyes PM ophthalmic ointment (Bausch, Lomb, Rochester, NY, USA) was applied to each eye to protect the cornea. The animal's head was positioned in a stereotaxic frame with a mouth bar positioned 5.0 mm ventral to the horizontal plane through interaural zero. Body temperature was maintained with a feedback-controlled heating pad. Sterile instruments and aseptic techniques were used for all surgical procedures. An incision was made in the scalp and the surrounding skin was injected with Marcaine (0.25% bupivacaine with epinephrine 1:200,000; Hospira, Inc., Lake Forest, IL, USA), a long-lasting local anesthetic. A craniotomy was made over the desired target coordinates using a dental drill. Following the tracer injection, Gelfoam (Harvard Apparatus, Holliston, MA, USA) was placed in the craniotomy and the scalp was sutured. The animal was then removed from the stereotaxic frame and placed in a clean cage. The animal was monitored until it could walk, eat and drink without difficulty.
Retrograde tracers
Fluorescent tracers (red fluorescent RetroBeads ["red beads"; RB, undiluted] or green fluorescent RetroBeads ["green beads"; GB, undiluted], Luma-Fluor, Inc., Naples, FL, USA; FluoroGold [FG; 4% in water], FluoroChrome, Inc., Englewood, CO, USA) were deposited into the SC via stereotaxic coordinates (2.1-2.6 mm rostral; 1.6-2.2 mm lateral; 6.4-6.6 mm dorsal, all relative to interaural zero). Four of the six animals received deposits of tracer into just one SC (Table 1 ). In the other two animals, the left SC received a deposit of FG while the right SC was injected with both RB and GB (Table 1 ). In the SCs that received both a RB and a GB injection, the tracers were deposited at different mediolateral locations. For all experiments, a Hamilton microsyringe (1 µl; Hamilton, Reno, NV, USA) was used to deposit tracer. Each syringe was dedicated to a single tracer. The volume of tracer (0.05-0.2 µl) injected at each site was designed to account for the diffusibility of each tracer (Schofield 2008; Table 1 ).
Perfusion and tissue processing
Four to five days after surgery, the animal was deeply anesthetized with isoflurane and perfused transcardially with Tyrode's solution, followed by 250 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 and then by 250 ml of the same fixative with 10% sucrose. The brain was removed and stored at 4 °C in fixative with 25-30% sucrose for cryoprotection. The following day, the brain was prepared for processing by removing the cerebellum and cortex and blocking the remaining piece with transverse cuts posterior to the cochlear nucleus and anterior to the thalamus. The tissue was frozen and cut on a sliding microtome into 40-or 50-µm thick transverse or sagittal sections that were collected serially in six sets.
Putative GABAergic cells were stained with immunochemistry for glutamic acid decarboxylase (GAD; Nakamoto et al. 2013) . Briefly, the sections were pretreated with 0.2% Triton X-100, normal goat serum to limit non-specific labeling, and then exposed (1-2 days at 4 °C) to mouse anti-GAD monoclonal antibody (GAD67; #MAB5406 Millipore, diluted 1:1000 to 1:100). The sections were treated with 1% biotinylated goat anti-mouse antibody (Vector Laboratories, Burlingame, CA, USA: BA-9200) and labeled with streptavidin conjugated to a fluorescent marker [AlexaFluor 488 
Identification of nuclei
Nuclei were identified according to standard cytoarchitectural criteria, supplemented with the staining patterns evident in the immunostains employed here. Specifically, the major subdivisions of the IC (dorsal cortex, lateral cortex, central nucleus and intercollicular tegmentum) were distinguished with immunochemistry for brain nitric oxide synthase (BNOS; Coote and Rees 2008) . Coote and Rees (2008) did not distinguish a rostral pole, but this region can be distinguished based on criteria described in cats (Harting and van Lieshout 2000) as well as with the pattern of GAD staining (Foster et al. 2015) . Many studies (including numerous ones cited in the "Discussion") have used the term IC external cortex, or ICx, to refer to the region of the IC largely lateral and rostral to the central nucleus. The terminology of Coote and Rees distinguishes the lateral part of this region as the IC lateral cortex, and the rostral region as "intercollicular tegmentum" (ICT). This terminology follows classic distinctions in the IC (Morest and Oliver 1984) , and reflects more recent trends toward distinguishing these regions (Loftus et al. 2008) . Most cases were processed in the parasagittal plane to facilitate distinguishing several of the midbrain nuclei. In particular, the central mesencephalic reticular formation (cMRF), a major source of input to the SC, lies rostral to the DLL and ventral to the ICrp. In the parasagittal plane the borders of the ICrp and the DLL are very conspicuous when reacted for GAD and/or BNOS, and distinctions between the ICrp, cMRF and DLL are readily determined. Identification of subcollicular nuclei followed previous descriptions in guinea pigs (NBIC: Mellott et al. 2014a ; lemniscal nuclei and adjacent regions: Schofield and Cant 1997; Schofield et al. 2014a ; superior olivary complex: Schofield and Cant 1991, 1999; cochlear nucleus: Schofield et al. 2014b ).
Data analysis
The layers of the SC are conspicuous in sections stained for GAD or bNOS so it was straightforward to determine the location and extent of each injection site in the SC. Further analysis was limited to those experiments in which the injections were confined to the SC. Immunostaining revealed GAD-immunoreactive (GAD + ) cells and boutons throughout the auditory brainstem. Immunopositive cells were labeled intensely and were readily distinguished from immunonegative cells. The GAD immunostain was readily visible in tracer-labeled cells, making it straightforward to distinguish GAD + versus GAD − staining in the retrogradely labeled cells. Photomicrographs were captured with a Zeiss AxioImager Z1 fluorescence microscope and AxioCam HRm or HRc cameras (Zeiss). Adobe Photoshop (Adobe Systems) was used to add scale bars, crop images, erase background around tissue sections, adjust intensity levels and colorize monochrome images.
Data quantification
Four experiments were chosen for quantification because (1) the deposit sites were restricted to the SC, (2) there were many retrogradely labeled cells, (3) there was robust immunostaining, (4) the deposits included the caudal SC, which is reported to receive denser auditory inputs than the rostral SC (Edwards et al. 1979; Kudo and Niimi 1980; Kudo 1981; Henkel 1983; Cadusseau and Roger 1985; King et al. 1998) . Labeled cells in auditory nuclei were plotted with a Neurolucida reconstruction system (MBF Bioscience, Williston, VT, USA) attached to a Zeiss Axioplan II microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA) or a Zeiss AxioImager Z2. For each case, every labeled cell in each auditory brainstem nucleus was plotted across a series of transverse or sagittal sections (every sixth section). Each combination of tracer and immunolabel was plotted with a unique marker. The results of these plots were used for a quantitative summary of the distributions of the labeled cells. Final images of the plots were refined with Adobe Illustrator (Adobe Systems, Inc., San Jose, CA, USA) for preparation of figures.
The GAD immunostaining sometimes failed to penetrate the full thickness of the section, leaving a central slice of the section unstained. By analyzing the data with a 63X objective (NA 1.4), it was possible to restrict the quantitative analyses to parts of the section that had successful immunostaining. Sections cut at 40-50 µm typically shrink during dehydration such that the final thickness on slides is 20-30 µm. The GAD staining in these sections usually extended 5-10 µm from each surface. Thus, a central layer up to 20 µm thick could be left unstained. By paying special attention to focusing on the center of the soma when plotting the symbol for a particular cell, data points were obtained with sufficient resolution in the z plane (section depth) to allow subsequent filtering of the data by depth. This yielded two zones of data from each section (one associated with each surface), and a central zone that was not stained with GAD. After the data were plotted, the X, Y, and Z coordinates of all markers were exported from Neurolucida to Microsoft Excel and sorted based on the Z coordinate. Tracer-labeled cells in the unstained or poorly stained central layer were excluded from further analyses. 
Results
We combined retrograde tracing and immunolabeling for GAD to identify GABAergic and non-GABAergic cells in the auditory brainstem that project to the SC. By injecting different tracers into both the left and right SC in three of the animals, we maximized the data from those animals and also identified individual cells that send collateral projections to both SCs (the collateral projections will be described in a future report). We first describe the injection sites and cellular distribution and then describe the results of the GAD immunostaining.
Injection sites
The results are based on tracer deposits in eight SCs (Table 1 ). All tracer deposits included intermediate and deep layers of the SC (Fig. 1) . The injections did not spread rostrally into the medial geniculate body, ventrally into the NBIC or midbrain reticular formation, caudally into the IC, medially into the periaqueductal gray or across the midline into the contralateral SC. The total number of labeled cells varied between cases, but the overall patterns and percentages of cells in the NBIC, the IC and the auditory subcollicular nuclei were consistent between animals and between different tracers. This was true despite variations in the medial/lateral position of the deposit sites within the SC.
Identification and distribution of labeled cells
Retrogradely labeled cells were readily identified in many brainstem regions. The following description is limited to the numerous auditory regions that contained labeled cells. About 10% of the tracer-labeled cells were also labeled with the GAD antibody (GAD + ), suggesting these cells are GABAergic and project to the SC (Fig. 2, arrows) . The remaining 90% of retrogradely labeled cells were GAD − (Fig. 2, arrowheads) . These tracer-labeled cells were often intermingled with GAD + cells that were not tracer labeled (Fig. 2) . Close proximity of the GAD + cells (with or without tracer label) to GAD − tracer-labeled cells suggest that the lack of immunolabel in the latter cells cannot be attributed to failure of antibody penetrance or other vagaries of the immunohistochemical processing. In other words, the majority of the retrogradely labeled cells are likely non-GABAergic. Figures 3 and 4 show the distribution of GAD + and GAD − cells in the brainstem auditory nuclei in a representative experiment. Labeled cells were concentrated in the NBIC and in the IC. In the NBIC, labeled cells were present bilaterally, with the majority located ipsilaterally. In the IC, labeled cells were found almost exclusively on the ipsilateral side, where most were located in the IClc and ICrp. A few cells were observed in the dorsal cortex and central nucleus of the IC; none were identified in the intercollicular tegmentum. Additional retrogradely labeled cells were present consistently in numerous subcollicular auditory nuclei, including the sagulum (Sag), the paralemniscal area (PL), the superior paraolivary nucleus (SPN) and the ventrolateral tegmental nucleus (VLTg). In some cases, a few labeled cells were observed in the dorsal periolivary nucleus and among the fibers of the trapezoid body (medial to the medial nucleus of the trapezoid body).
As described above ("Introduction"), the dorsal nucleus of the lateral lemniscus (DLL) has been identified as a major source of input to the SC in some studies. We found a few labeled cells around the margins of the DLL. These cells appeared to belong to surrounding structures, a conclusion consistent with their lack of GAD immunostaining (the DLL is primarily or exclusively composed of GABAergic cells; Adams and Mugnaini 1984) . Notably, in every case, a large cluster of labeled cells was observed rostral to the DLL in the cMRF. This is a tegmental nucleus well known for its projections to the SC; it is not associated with auditory pathways and so was not included in the present analysis (May 2006) .
Quantitative analyses of GAD − and GAD + cell distributions
Four experiments were chosen for quantitative analysis ( Table 2 ). Tracer-labeled GAD + cells were also most abundant in the ipsilateral NBIC, although they totaled only 4.3 ± 1.0% of the labeled cells ( 
Discussion
The current study examines the projections from auditory brainstem nuclei to the SC. Our first finding, similar to what has been found in ferret (King et al. 1998) , is that the largest projection originates from the NBIC (Fig. 6 ). In the current study, 33.6% of the tracer-labeled cells quantified across four cases were in the ipsilateral NBIC. The IC is the second largest source of inputs, with projections arising mainly from the IClc and the ICrp. The remaining inputs are located in numerous subcollicular nuclei, including the Sag, the PL, the VLTg, and the SPN. Our second finding is that only a small part of this projection, about 10%, arises from GABAergic cells. Most of these cells are located in the NBIC. In the following sections, we discuss technical aspects of our analysis, compare our findings to previous studies, and then consider some functional implications of these pathways. 
Technical considerations
The tracer deposits covered substantial portions of the SC without encroaching on surrounding nuclei. Thus, it is likely that all the labeled cells project to the SC. None of the injections completely filled the deeper layers of the SC, so there is a risk that projections that terminate in only a portion of the SC could go undetected. Smaller injection volumes may also risk incomplete labeling because of limits to the sensitivity of tracers. We minimized these limitations using multiple tracers (green beads, red beads and FluoroGold). The beads are particularly valuable in this regard because of their high sensitivity and limited diffusibility in the tissue (Schofield 2008) . The fact that we obtained similar results across animals and across tracers, and that results from larger deposits were consistent with those from the smaller deposits, suggests that our results are generally valid. The GAD antibody used here has been validated in previous studies in guinea pigs (Xiong et al. 2008; Nakamoto et al. 2013; Mellott et al. 2014b ) and we believe that our tissue contained few false-positive cells. Incomplete penetration of immunoreagents can lead to false-negative staining, which could substantially affect quantitative analyses. We systematically limited our analysis such that, for each tissue section, labeled structures were analyzed only at tissue depths that included robust immunostaining. We conclude that GAD + cells are GABAergic and that the GAD − cells are almost certainly non-GABAergic.
Comparisons with previous studies
Projections from the IClc to the SC are thought to play a role in triggering orienting movements and have been associated directly with the auditory space map that characterizes the deep SC (Binns et al. 1992 (Binns et al. , 1995 Jiang et al. 1997; King et al. 1998 ). Of particular interest in this respect has been the recognition of multimodal integration in the IClc. Somatosensory inputs to the IClc have long been known and interactions between auditory and somatic inputs have been demonstrated physiologically (Aitkin et al. 1978 (Aitkin et al. , 1981 Jain and Shore 2006) . Additional inputs related to visual stimuli, eye position and behavioral state have also been shown to modulate IC neuronal responses (reviewed in Gruters and Groh 2012) . Table 2 ). Tracer-labeled neurons were either GAD − (red bars) or GAD + (black bars). The nuclei are grouped according to their location ipsilateral or contralateral to the side of tracer injection. Nuclei are listed in decreasing order of their overall number of retrograde-labeled cells (see bottom row of Table 2 ). See list of abbreviations These multimodal interactions may play a role in aligning space maps according to different reference frames (e.g., head-centered or eye-centered, accounting for changes in eye position). The extent to which these properties are associated with projections to the SC are unclear. In addition to its projections to the SC, the IClc is a major source of projections to other brain regions, including multiple subdivisions of the medial geniculate nucleus (MG; Mellott et al. 2014c) . Parts of the MG also show multimodal responses, to which the IClc projections could contribute (Anderson and Linden 2011) . Preliminary studies suggest that the IClc projections to the MG and to the SC arise from different populations of IClc cells (Mellott and Schofield 2015) . Whether multimodal interactions are associated with the projections to the SC or the MG, or to both, will need to be determined for a full uderstanding of the functions of these circuits.
The ICrp is less studied than other IC subdivisions. It has been identified in morphological and connectional studies (Morest and Oliver 1984; Meininger et al. 1986; Martin et al. 1988) ; its greatest distinction appears to be its prominence in projections to the SC (Harting and van Lieshout 2000) . The present study shows a similarly strong projection from this area to the SC. Similar to the descriptions in cat (Harting and van Lieshout 2000) , the density of SC-projecting cells in guinea pig sets the ICrp apart from the caudally adjacent ICc, and also from the ICT, which surrounds the remaining borders of the ICrp. The ICd, spatially separated from the ICrp, differs from the ICrp in having only minimal projections to the SC. The IClc is the only other IC subdivision with substantial projections to the SC. Distinguishing the ICrp from the IClc is justified by a consideration of their ascending inputs. Briefly, the ICrp receives many of the same inputs as the ICc, including direct projections from the medial and lateral superior olivary nuclei, that do not reach the IClc (reviewed in Harting and van Lieshout 2000; Oliver 2005 ). In contrast, the IClc receives direct projections from somatosensory structures that do not project to the ICrp (reviewed in Oliver 2005). These differences in inputs undoubtedly confer different physiology and functions to the ICrp and IClc, but further insight awaits more detailed characterization of ICrp neuronal responses.
Projections from the NBIC to the SC are also demonstrated in a variety of species, including hamster (van Buskirk 1983), cat (Kudo et al. 1984) , mouse (Wallace and Fredens 1989) , ferret (King et al. 1998) and guinea pig (current study). Anatomical studies show that the projection from the NBIC to the SC has a rostrocaudal organization and is broadly topographic (King et al. 1998) . Physiological studies show that many NBIC cells are tuned for sound source location, and the projections to the SC are generally thought to contribute to the auditory space map and orienting behavior (Schnupp and King 1997; Nodal et al. 2005 ).
The DLL input to the SC has been described as very little (ferret: King et al. 1998 ) to light (cat: Kudo 1981 rat:; Cadusseau and Roger 1985; Bajo et al. 1993 ; big brown bat:; Zhang et al. 1987) to moderate (tree shrew: Casseday et al. 1976; rat:; Tanaka et al. 1985; mustached bat:; Covey et al. 1987) to the largest (rat: Druga and Syka 1984) . Species differences could exist, and technical differences (especially differences in anatomical tracers) could also explain some of the discrepancies. Another factor may be inconsistency in identifying the DLL borders, especially its rostral border where it abuts the cMRF. The cMRF is a non-auditory nucleus of the tegmentum that provides a substantial projection to the SC (Chen and May 2000; May 2006; Wang et al. 2010) . In guinea pigs, it is located rostral to the DLL. Its caudal end is ventral to the ICrp and its rostral end is ventral to the SC. These relationships, expecially the distinction between the cMRF and the DLL, are most easily seen in sagittal sections, which we used for many of our analyses. The cMRF in our experiments consistently contained many retrogradely labeled cells. A large majority of these cells were GAD − , providing an additional distinction compared to DLL cells, most or all of which are GABAergic (Adams and Mugnaini 1984) . We conclude that few to no DLL cells project to the SC in guinea pigs.
Several studies describe subcollicular projections to the SC, often originating in superior olivary regions or areas in or around the lemniscal nuclei (Grofova et al. 1978; Edwards et al. 1979; Huerta and Harting 1984; Appell and Behan 1990) . However, the number of cells is often small and the descriptions too brief to allow detailed comparisons. An anterograde tracer study identified a small projection from cochlear root neurons to the deep layer of the SC in rats (López et al. 1999) . This pathway has not yet been confirmed with retrograde studies (present or previous studies). Our tracer deposits extended into the deep layer, but may have been inadequate to identify a small projection. Another possibility is that guinea pigs, which may lack cochlear root neurons, may not have a direct projection from the cochlear nucleus to the SC. Appell and Behan (1990) identified GABAergic projections to the SC in cats from many areas, including numerous auditory nuclei. The present results are generally consistent with those in cats, but detailed comparisons are difficult because of differences in which nuclei were examined in the two studies. One of the main conclusions of the present study is that GABAergic projections to the SC originate from several nuclei but, overall, represent a small minority (10%) of the auditory inputs. This suggests that GABAergic inhibition may play a relatively small role in auditory projections to the SC. The transmitter phenotype(s) of the remaining projections are unknown. Glutamate is a likely candidate for the majority of the cells in the NBIC and the IC. However, some neurons in the nuclei giving rise to these projections, such as the sagulum and periolivary nuclei, also contain glycine or other transmitters. Very little is known about the transmitter phenotype(s) of the PL and the VLTg. The specific functions of the GABAergic or the non-GABAergic components of these projections remain to be determined.
GABAergic vs. non-GABAergic projections

Functional implications: projections from the IC and the NBIC vs. projections from subcollicular nuclei
Orienting behavior is a well-known function of the SC and it is well established that animals will orient to an acoustic stimulus. This perspective has provided the functional framework for many previous interpretations of the role of auditory projections to the SC, especially those from the IC and the NBIC (van Buskirk 1983; Kudo et al. 1984; Binns et al. 1992; Jiang et al. 1997; Schnupp and King 1997; King et al. 1998; Doubell et al. 2000; Skaliora et al. 2004; Nodal et al. 2005) . Strong support for such a role comes from studies showing that auditory inputs play an important role during development in aligning the spatial maps for acoustic stimuli with motor orientation maps (Meredith and Stein 1983; Groh and Sparks 1992; Doubell et al. 2000) . Our results identifying the NBIC and IClc as major sources of input to the SC are consistent with a role of the SC in generating orienting responses to acoustic stimuli.
It is more difficult to speculate on functions of the projections from subcollicular nuclei. These nuclei accounted for about one-third of the auditory projections to the SC in the present study, suggesting a potentially significant functional role. The small projection from the paralemniscal area may contribute to orienting responses given its potential association with pinna movements (Henkel and Edwards 1978; May et al. 1990 ), but to our knowledge, none of the other nuclei have been particularly associated with sound localization or orienting behavior. Additional perspectives include attention, fear, and avoidance or escape responses (Dean et al. 1989; Mysore and Knudsen 2011; Comoli et al. 2012; Wei et al. 2015; Savage et al. 2017) . A great deal of recent work focuses on the SC as part of a midbrain defense circuit that includes connections with the periaqueductal gray, parabigeminal nucleus and lateral posterior nucleus/pulvinar complex of the dorsal thalamus (e.g., Brandão et al. 2003; Schenberg et al. 2005; Wei et al. 2015; Xiong et al. 2015; Pereira and Moita 2016; Savage et al. 2017) . In this context, projections from the IC to the SC are thought to contribute to acoustically-driven defensive behaviors. We suggest that projections to the SC from subcollicular auditory nuclei could also contribute to this behavior. Most of these subcollicular projections originate from areas that receive direct projections from the cochlear nucleus (Warr 1982; Kandler and Herbert 1991; Herbert et al. 1997) , and thus could serve as a relatively fast conduit for auditory stimuli to activate the SC. Such a pathway might provide an alerting signal relevant to avoidance or attention (perhaps including orienting movements). In presumed contrast with the NBIC and IC projections, these subcollicular projections would provide little or no information about sound location. Whether these functions or others are associated with the projections to the SC await more information, particularly regarding the response properties of the projecting cells.
Conclusions
Auditory inputs to the SC originate from numerous brainstem nuclei. A small proportion of the projections are GABAergic, consistent with physiological evidence for GABAergic inhibition in the SC. Major inputs arise from the IC and the NBIC. These projections likely play a substantial role in providing spatial information about a sound, and thus direct orienting behaviors. Additional inputs arise from an array of subcollicular auditory nuclei. These inputs are probably less closely associated with sound localization, but may provide an alerting signal important for avoidance and escape behaviors and attention.
